Neq DNA polymerase is the first archaeal family B DNA polymerase reported to lack uracil recognition function and successfully utilize deaminated bases. We have focused on two amino acid residues (Y515, A523) in the fingers subdomain of Neq DNA polymerase, which were predicted to be located in the middle of the fingers subdomain, based on amino acid sequence alignment of the Neq DNA polymerase with structurally determined archaeal DNA polymerases. Those two residues were replaced by site-directed mutagenesis, and the enzymatic properties of the mutants were analyzed. Here, we show that the A523 residue located in the middle of the fingers subdomain affects the processivity of Neq DNA polymerase. Mutational analysis has allowed us to enhance the protein function as well as understand the function of the residues. One mutant protein, Neq A523R DNA polymerase, exhibited a roughly 3-fold enhanced processivity and extension rate compared to wild type, enabling more efficient PCR. In the presence of uracil, Neq A523R DNA polymerase outperformed Taq DNA polymerase with enhanced specificity and sensitivity. These results suggest that Neq A523R DNA polymerase could be most effectively utilized in real-time PCR using uracil-DNA glycosylase without the risk of carry-over contamination.
Introduction
DNA polymerases (EC 2.7.7.7) are a group of enzymes that play essential roles in cellular DNA replication, which catalyze appropriate deoxyribonucleoside triphosphate (dNTP) to extend DNA primer strand complementary to its template. DNA polymerases can be classified into at least six distinct families, A, B, C, D, X and Y (Ohmori et al., 2001 ) based on amino acid sequence homology. One hallmark of family B DNA polymerases is that they mostly possess 3 0 ! 5 0 exonuclease ( proofreading) activity that enables high fidelity replication. Among the family B DNA polymerases, only the archaeal members have a specialized N-terminal pocket that can recognize and strongly interact with deaminated bases such as hypoxanthine or uracil in the DNA template strand, causing DNA synthesis to stall (Fogg et al., 2002; Gill et al., 2007) .
Neq DNA polymerase is the firstly reported archaeal family B DNA polymerase that lacks the uracil recognition function and successfully utilizes deaminated bases. Neq DNA polymerase was isolated from the hyperthermophile Nanoarchaeum equitans, a nano-sized obligate archaeal symbiont which grows on the surface of a specific crenarchaeal host, Ignicoccus sp. strain KIN4/I (Huber et al., 2002) . The working form of Neq DNA polymerase is an engineered protein-spliced DNA polymerase (Neq P) (Choi et al., 2006) , originally encoded on the chromosome by two open reading frames separated by 83 295 bp which include a split miniintein (Waters et al., 2003) , and its PCR efficiency and application using uracil-DNA glycosylase were confirmed (Choi et al., 2008) .
Based on crystal structures of family B DNA polymerases from hyperthermophilic archaea (Hopfner et al., 1999; Rodriguez et al., 2000 , Hashimoto et al., 2001 , all archaeal family B DNA polymerases consist of several distinct domains: the N-terminal domain, the exonuclease (editing) domain and the polymerase domain including the palm, fingers and thumb subdomains. The fingers subdomain mainly consists of a simple helix -coil -helix and has been shown to be involved in polymerase processivity (Kew et al., 1998) and fidelity (Howell et al., 2008) . Kinetic study of RB69 DNA polymerase mutants revealed that some basic residues in the fingers subdomain near the active site affected dNTP incorporation (Yang et al., 1999) . In addition, structural studies suggested that other basic residues in the fingers conserved among family B DNA polymerases interact with the incoming dNTP, and deliver it toward the active site in the palm (Hashimoto et al., 2001) .
We focused on two amino acid residues (Y515, A523) in the fingers subdomain of Neq DNA polymerase, which were predicted to interact with the triphosphate moiety of the incoming dNTP based on amino acid sequence alignment with structurally determined archaeal DNA polymerases, yet did not have positively charged residues. We anticipated that replacing these amino acids with basic residues would improve polymerase activity. To test this hypothesis, we created mutant enzymes by replacing the two residues using site-directed mutagenesis. One of the mutant proteins, A523R, showed significantly improved polymerase function compared to wild-type Neq DNA polymerase in terms of processivity, extension rate and PCR efficiency. These results indicate that the A523 residue of Neq DNA polymerase participates in determining the processivity of Neq DNA polymerase. In addition, this finding enables engineering of the Neq DNA polymerase to enhance processivity, which can provide practical benefits in PCR applications.
Materials and methods

Reagents and equipments
Restriction enzymes and Taq DNA polymerase were purchased from TaKaRa Bio. DNA ligase and dNTPs were from RexGene Biotech. Deoxyuridine triphosphate (dUTP) was obtained from Sigma-Aldrich. Lambda DNA and human genomic DNA were purchased from Promega. MyGenie 96 Thermal block (Bioneer) was used for PCR and Rotor-gene RG-3000 (Corbett research) was used for real-time PCR. Ä KTA prime (Amersham Biosciences) was used for protein purification.
Site-directed mutagenesis and plasmid construction
Oligonucleotide primers (Table I) were used to introduce point mutations in the wild-type Neq DNA polymerase gene via overlapping PCR (Ho et al., 1989) . The final plasmids encode the following amino acids; Arg (AGA) and Lys (AAG) at the position corresponding to Ala 523, and Lys (AAG) at the position corresponding to Tyr 515 in the wildtype Neq DNA polymerase gene. The primer pairs were used in combination with the NeqFP primer (5 0 -ATTATAG CATATGTTACACCAACTCCCCACG-3 0 , NdeI site is underlined) and NeqRP primer (5 0 -AAAAAACTAACAGATT TCTTTAAATGAGTCGACATTAT-3 0 , SalI site is underlined). Amplification products from each reaction were digested with NdeI and SalI and ligated into the plasmid pET-22b(þ) (Novagen) containing the T7 promoter. The ligated plasmids were then transformed into Escherichia coli DH5a cells. Clones with a correct construct were selected by restriction enzyme analysis of the plasmids and mutations introduced were confirmed by sequencing.
Expression and purification of mutants
Escherichia coli strain BL21-CodonPlus(DE3)-RIL (Stratagene), which carries the T7 RNA polymerase gene under the control of a chromosomal lacUV5 promoter, was used for expression of mutant proteins and wild-type Neq DNA polymerase (Studier and Moffatt, 1986) . Escherichia coli cells were grown in 500 ml of LB broth in the presence of ampicillin (100 mg/ml) to an OD 600 of 0.6 at 378C. IPTG was added to 0.2 mM to induce expression from the lac promoter and cultures were grown for another 6 h. Cells were harvested by centrifugation. Pellet was dissolved in buffer A [20 mM sodium phosphate ( pH 6.0), 50 mM KCl] containing 1 mM PMSF and disrupted by sonication and centrifuged at 13 000 rpm, for 15 min at 48C. The crude enzyme samples were prepared by heat treatment of sonicated extracts at 808C for 30 min and dialyzed against buffer A, and then loaded onto a HiTrap Q column (GE Healthcare). The unbound fractions were pooled and loaded onto a HiTrap SP column (GE Healthcare). The polymerases were eluted with a linear ascending pH gradient from pH 6.0 to 10.5 using buffer B [20 mM sodium carbonate ( pH 10.5), 50 mM KCl] as an elution buffer. The peak fractions were pooled and dialyzed against a buffer containing 20 mM Tris -HCl ( pH 7.4) and 50 mM KCl. Protein concentration was determined by the method of Lowry et al with bovine serum albumin (BSA) as a standard (Lowry et al., 1951) .
DNA polymerase activity assay
DNA polymerase activity was assayed as previously described (Choi et al., 2008) . The 50 ml reaction mixture 
The sequences are depicted in 5 0 -3 0 orientation.
contained 50 mM Tris -HCl ( pH 7.5), 10 mM MgCl 2 , 50 mM KCl, 0.01% BSA, 100 mM each of dATP, dCTP and dGTP, 10 mM dTTP, 0.25 mCi of [methyl-3 H]TTP (30 Ci/ mmol, GE Healthcare), 1.25 mg of activated calf thymus DNA and 8 pmol of each enzyme. After 10 min incubation at 758C, the reaction was terminated by placement on ice. An aliquot was evenly spotted onto a 23 mm diameter DE81 filter-paper disc (Whatman) and the dried disc was washed in 0.5 M sodium phosphate ( pH 7.0) buffer for 10 min and in 70% (v/v) ethanol for 5 min. The disc was dried and transferred to liquid scintillation vial containing 5 ml of toluenebased cocktail. Incorporated radioactivity was counted using a Tri-Carb Liquid Scintillation Analyzer (PerkinElmer). One unit (U) of DNA polymerase is defined as the amount of polymerase that incorporates 10 nmol of dNTP into an acidinsoluble product at 758C in 30 min.
Determination of the kinetic constants
Assays for apparent K m and K cat were carried out in the polymerase assay buffer [50 mM Tris -HCl ( pH 7.5), 10 mM MgCl 2 , 50 mM KCl, 0.01% BSA] containing variable amounts of dNTPs and 30 nM primed M13mp18 singlestrand DNA template. M13 ssDNA (NEB) was annealed with an equimolar amount of an M13 primer (5 0 -GCAT CGGAACGAGGGTAGCAACGG-3 0 ) by heating to 908C for 5 min followed by slow cooling to room temperature. Activity for dNTP parameters was measured at eight different substrate concentrations (10 -120 mM for dNTP mixture), and 0.5 pmol of enzyme was used in the reaction. For example, the ratio of 100 mM dNTP mixture contained 100 mM each of dATP, dCTP and dGTP, 10 mM dTTP containing 0.5 mM [methyl-3 H]TTP (30 Ci/mmol, GE Healthcare). After 3 min reaction at 758C, an aliquot was evenly spotted onto a 23 mm diameter DE81 filter-paper disc (Whatman) and the dried disc was washed and re-dried. Incorporated radioactivity was counted using a Tri-Carb Liquid Scintillation Analyzer (PerkinElmer). The initial rate of each reaction was plotted against dNTPs concentration and kinetic parameters were obtained using Hanes -Woolf format.
Processivity assay
The reaction mixture (20 ml) for processivity assay, containing 400 fmol of 5 0 Hex-labeled M13-primer (5 0 -CCGTTGCT ACCCTCGTTCCGATGC-3 0 ), 200 fmol of M13 ssDNA (NEB), Neq DNA polymerase buffer and 0.2 mM dNTPs, was pre-heated at 958C for 1 min and incubated at 628C for 1 min for primer annealing (Kim et al., 2007) . Each enzyme was added at a final concentration of 4 pmol to the mixture and incubated at 758C for 10 s. The resulting DNA fragments were analyzed on an ABI3100 automated sequencer. To ensure that multiple binding did not occur on any primertemplate complex, both the polymerase concentration and the reaction time were varied and the major peak equal to the median product length was determined as the processivity of the DNA polymerase (Kim et al., 2007) . Processivity can also be framed in terms of probability (Von Hippel et al., 1994) . To describe the difference in processivity between Neq P and Neq A523R, we measured the probability of chain elongation per nucleotide; defined as the microscopic processivity parameter (P) (Von Hippel et al., 1994) . Peaks of each enzyme were plotted on a log scale according to the method of McClure and Chow (McClure and Chow, 1980) . The slope of the line is equal to log P and an average primer extension length was calculated from 1/12P.
Extension rate assay
The extension rate of the DNA polymerase was calculated from the length of DNA synthesized in a fixed time (Takagi et al., 1997) . M13 ssDNA (NEB) primed with an M13 primer described above was used as the substrate. The reaction mixture (50 ml) consists of 1.25 ng of M13 ssDNA, 10 pmol of the primer, 250 mM each of dATP, dTTP and dGTP, 25 mM of dCTP, 10 mCi of [a-32 P] dCTP (800 Ci/ mmol, PerkinElmer), 0.4 mg of each DNA polymerase and Neq DNA polymerase buffer (Choi et al., 2008) . After incubation at 758C for each fixed time (30, 60, 90, 120 s), 10 ml of the reaction mixture was taken and an equal volume of stop solution containing 60 mM EDTA and 60 mM NaOH was added. A 10 ml aliquot of each sample was analyzed by agarose gel electrophoresis.
PCR efficiency assay
Oligonucleotide primers that anneal to l DNA were synthesized for the PCR assays (Table I) . PCR experiments for comparing extension efficiency in sizes of 1, 2, 4 and 6 kb were performed using 1 pmol of each DNA polymerase in a 20 ml reaction mixture containing 5 pmol each of the primers, 250 mM dNTPs and 30 ng of l DNA as a template.
To describe the difference in the utilization of deaminated bases between Neq and Taq DNA polymerases, PCR was carried out in the presence of 250 mM dUTP (in place of dTTP), with all other reaction conditions as described above. PCR procedure using Taq DNA polymerase was conducted under the buffer system and conditions provided by the manufacturer. Primer combinations amplifying 0.5, 1 and 2 kb were used for comparison of extension efficiency.
Quantitative real-time PCR
Quantitative real-time PCR was carried out using SYBR green. PCR was carried out in a total volume of 20 ml containing 5 pmol of forward (5 0 -AGAGATGGCCACGGCTG CTT-3 0 ) and reverse (5 0 -ATGATGGAGTTGAAGGTAGT-3 0 ) primers amplifying a 276 bp region of the human genomic b-actin gene, 0.1, 1 or 10 ng of human genomic DNA, 250 mM dNTPs (dATP, dCTP, dGTP and either dTTP or dUTP) and 1 Â SYBR green. One picomole of each respective DNA polymerase and 1 U of Taq DNA polymerase as defined in the manufacturer's protocol were added last to the reaction mixtures in order to equally evaluate the performance of each enzyme. PCR was performed in a Rotor-gene RG-3000 instrument (Corbett research) as follows: 3 min at 958C; 40 cycles of 20 s at 948C, 20 s at 608C and 20 s at 728C; and 2 min at 728C. Agarose gel electrophoresis was performed to check the size of the amplicon generated, confirming it to be 276 bp consistent with its predicted size.
Results
Neq DNA polymerase mutants
Since the fingers subdomain of family B DNA polymerases are known to be involved in polymerase processivity and fidelity, we decided to analyze residues expected to interact Enhanced processivity of engineered Neq DNA polymerase with the incoming dNTP in the fingers subdomain of Neq DNA polymerase. To identify such residues, we carried out an amino acid sequence alignment of Neq DNA polymerase with archaeal family B DNA polymerases whose structures had been determined. Most amino acid residues predicted to capture the phosphate group of dNTP in the middle of the fingers domain were highly conserved as basic residues (arginine or lysine), with the exception of Tyr515 and Ala523 in Neq DNA polymerase, which were not positively charged (Fig. 1) . We expected that replacing Y515 or A523 with basic residues would promote the interaction between dNTP and the fingers subdomain, and increase the efficiency of dNTP incorporation. Thus, Tyr515 and Ala523 were replaced with arginine or lysine by site-directed mutagenesis. As a result, three mutant proteins (A523R, A523K, Y515R) were obtained for assays.
DNA polymerase activity of mutant proteins DNA polymerase activities of three mutant proteins and wild-type DNA polymerase were compared by measuring the incorporated radioactivity, which were presented as percentages of incorporated radioactivity when compared with wild type ( Fig. 2A) : A523R (89.5%), A523K (94.0%) and Y515R (95.4%). DNA polymerase activities of mutants were similar with wild type. These results ruled out the assumption that mutations of both residues would affect the incorporation of dNTPs.
To examine further difference among the polymerases, PCR targeted for 4 kb lambda DNA fragments was performed (Fig. 2B) . PCR efficiencies were not consistent with the results obtained by DNA polymerase activity assay. The mutants that have basic amino acid residues at A523 position exhibited better PCR performance than wild-type, A523R especially displayed the best efficiency.
Kinetic parameters of Neq and Neq A523R DNA polymerase
To investigate whether the mutation of A523 affects the catalytic rate of nucleotide incorporation, a steady-state kinetic parameters were determined for A523R and wild-type Neq DNA polymerases. The rates of primer extension were measured at different dNTP concentrations in the presence of a fixed amount of 30 nM primer template and 0.5 pmol enzymes. Neq A523R DNA polymerase has a little higher (1.3-fold) turnover rate (k cat ) in nucleotide incorporation and catalytic efficiency (k cat /K m ) than Neq DNA polymerase, and both enzymes have nearly identical K m value (Table II) . These results from steady-state kinetic analysis were not enough to explain the reason of enhanced PCR efficiency of Neq A523R DNA polymerase and raised the question that the mutation of A523 residue may contribute to the polymerase's increased processivity. Multiple alignments corresponding to residues 457-491 of KOD DNA polymerase were produced using the AlignX software (Invitrogen): KOD (Thermococcus kodakarensis KOD1, GenBank accession number TK0001), 98N-7 (Thermococcus sp. 98N-7, AAA88769), Tgo (Thermococcus gorgonarius, P56689, Neq (Nanoarchaeum equitans, NEQ068). Shaded amino acid residues indicate identical and conserved residues matched with basic residues which stand in a line in the fingers subdomain of Thermococcus kodakarensis KOD1 DNA polymerase, facing the active site (Hashimoto et al., 2001) . Residues of Neq DNA polymerase which diverge from the consensus are marked with a rectangle. (B) The backbone of Thermococcus kodakarensis KOD1 DNA polymerase (PDB ID: 1WNS) fingers, palm and thumbs subdomains are, respectively, shown as green, yellow and brown ribbons. R476 and R484 residues corresponding to Y515 and A523 of Neq DNA polymerase are represented by blue ball-and-stick models. Highly conserved carboxylates (D404, D542 and D540) at active site are shown as red. 
Processivity of Neq and Neq A523R DNA polymerase
To understand the basis of the enhanced PCR efficiency of A523R mutant protein, a processivity assay was performed. Reaction time and polymerase concentrations were varied to identify a single-hit condition. Figure 3A shows the electropherogram traces for Neq and Neq A523R DNA polymerase. Peaks in the electropherogram correspond to single primer extension products, and a major peak located near the median product length was determined as the processivity of the DNA polymerase. The processivity was determined as 120 (nt) for Neq DNA polymerase and 280 (nt) for Neq A523R DNA polymerase. Processivity can be also defined in terms of probability (McClure and Chow, 1980, Von Hippel et al., 1994) . Peaks of each enzyme in Fig. 3A were plotted on a log scale in Fig. 3B . Each value of processivity (P) was obtained from the slope: P for Neq DNA polymerase was 0.976, whereas P for Neq A523R was 0.991. Average primer extension can be calculated as 1/(12P) and was 42.17 (nt) for Neq and 111.61 (nt) for Neq A523R DNA polymerase. All processivity factors are summarized in Table III . These results demonstrate that Neq A523R DNA polymerase exhibits improved processivity compared to Neq DNA polymerase.
Extension rate of Neq and Neq A523R DNA polymerase
The extension rates of the Neq and Neq A523R DNA polymerases were calculated from the length of DNA synthesized in each fixed time window (30, 60, 90 and 120 s). Extension rate was measured from each lane in Fig. 4 , and the median value was determined as the extension rate of each DNA polymerase: 12 nt/s for Neq DNA polymerase and 35 nt/s for Neq A523R DNA polymerase. Neq A523R DNA polymerase displayed an extension rate roughly 3-fold faster than Neq DNA polymerase.
PCR efficiency of Neq A523R DNA polymerase
Enhanced processivity and extension rates are essential for thermostable DNA polymerases. Enhanced processivity or extension rates allow the DNA polymerase to perform PCR more efficiently. To compare PCR efficiency of Neq and Neq A523R DNA polymerases, various lambda DNA targets were amplified in a limited extension time window ( Fig. 5A and B). Neq DNA polymerase was able to amplify a 2 kb target in a 1 min 30 s extension time, whereas the same time was sufficient for Neq A523R DNA polymerase to amplify a 4 kb target. With Neq DNA polymerase, a 3 min elongation time was required to amplify a 4 kb target; on the other hand, Neq A523R DNA polymerase could amplify 6 kb given the same amount of time. Neq A523R DNA polymerase surpassed the PCR performance of wild-type Neq in terms of yield and efficiency. Neq A523R DNA polymerase was compared with Taq DNA polymerase, the most widely used PCR enzyme. PCR efficiencies for Neq A523R and Taq DNA polymerases were . A nt is equal to the total extended fragments greater than each product length which is the defined length of zero. A T is the sum of the length of extended primers (Bibillo and Eickbush, 2002) . open circle, Neq DNA polymerase; closed circle, Neq A523R DNA polymerase. Enhanced processivity of engineered Neq DNA polymerase tested under the same cycling conditions using either dNTPs or with dUTP substituted for dTTP. When DNA polymerases use dNTPs as substrates, Taq DNA polymerase outperformed Neq A523R DNA polymerase in PCR efficiency. However, in the presence of dUTP instead of dTTP, the PCR performance of Taq DNA polymerase was significantly diminished compared to Neq A523R (Fig. 5C ).
Real-time PCR
To analyze the specificity and efficiency of Neq A523R DNA polymerase to Taq DNA polymerase in the presence of uracil, we carried out quantitative real-time PCR with SYBR green detection. A fragment of the human genomic b-actin gene was arbitrarily selected as a representative target to evaluate the performance of the DNA polymerases in realtime PCR. When Neq A523R or Taq DNA polymerase were employed to catalyze dNTP and the amplification plots were mapped (Fig. 6A) , Taq DNA polymerase showed a lower average Ct value (threshold cycles; 20.69) than Neq A523R DNA polymerase (23.08). Corresponding dissociation curves demonstrated amplicon formation containing the target fragments and other mis-primed fragments (Fig. 6B ). In addition, agarose gel electrophoresis was performed to check the size of the amplicon generated by real-time PCR (Fig. 6C) . As expected from the dissociation curves in Fig. 6B , Taq DNA polymerase displayed low specificity compared to Neq DNA polymerase.
The same experiments were repeated using dUTP instead of dTTP. The average Ct value of Neq A523R DNA polymerase was 22.33, on the other hand, Taq DNA polymerase exhibited a delayed Ct of 26.13 (Fig. 6D) . The melting curve revealed Taq DNA polymerase amplified nonspecifically primed fragments (Fig. 6E) , which was confirmed by endpoint analysis of amplified products (Fig. 6F) . Another region of human genomic b-actin gene was amplified with quantitative real time using new primers, which are reported by Taylor et al. (1997) . The results were similar to those of Fig. 6 as described above (data not shown).
Discussion
An amino acid residue in the middle of the fingers subdomain affects the processivity of Neq DNA polymerase Here, we have focused on two amino acid residues (Y515, A523) in the fingers subdomain predicted to be located in the middle of the fingers from amino acid sequence alignment and the crystal structures of other archaeal DNA polymerases (Hopfner et al., 1999; Rodriguez et al., 2000; Hashimoto et al., 2001) . When either of the residues was replaced with basic residues, levels of radioactivity incorporation were similar, but PCR efficiencies were varied. To investigate the differences in PCR performance between Neq A523R DNA polymerase and wild-type Neq DNA polymerases, catalytic analyses were carried out. Neq A523R DNA polymerase has a little higher turnover rate (k cat ) in nucleotide incorporation and catalytic efficiency (k cat /K m ) than Neq DNA polymerase. The replacement of A523 to arginine does not affect the significant changes in the rate and efficiency of nucleotide incorporation by Neq DNA polymerase. It is proposed that the increased PCR efficiency of Neq A523R DNA polymerase has a lacking relevance to the catalytic activity. We decided to further analyze the properties of the A523R mutant using processivity assays, to gain insight into the reason for its increased activity and PCR efficiency. Neq A523R DNA polymerase displayed a roughly 3-fold enhanced processivity compared to wild type, which is consistent with the results of the PCR efficiency assay. These results demonstrate that the A523R mutant affects processivity of Neq DNA polymerase and the increase of PCR efficiency originates from the enhanced processivity.
Processivity can be considered to be a competition between incorporation-translocation and dissociation of the primer template (Mizrahi and Benkovic, 1988) . First, the processivity of DNA polymerase is affected by intrinsic catalytic factors such as dNTP binding, phosphodiester bond formation, inorganic pyrophosphate release and translocation (Fairfield et al., 1983) , as well as by the recruitment of processivity factors and DNA binding proteins to maintain stability between primer-template DNA and the polymerase (Wang et al., 2004) . The A523 residue is predicted to be located at the tip of the fingers subdomain, which is twisted outward by 468 in the open position (Li et al., 1998) . dNTP incorporation leads to a closed conformational change (Doublie et al., 1998) and the fingers subdomain rotates toward the palm to form a dNTP-binding pocket (Brautigam and Steitz, 1998) . We suggest that the change of A523 to arginine residue could enhance the processivity by providing more electrostatic interaction with the primer-template strand in a closed conformation than wild type, and could thus prevent the dissociation of the primer template (Kelman et al., 1998; Kunkel and Wilson, 1998) . Determination of the crystal structure of Neq DNA polymerase could provide us with the information to better understand and verify our hypothesis.
As discussed above, our data provide the first evidence that the amino acid residue located in the middle of fingers subdomain is involved in the processivity of Neq DNA polymerase.
Enhanced processivity of Neq DNA polymerase and its benefits in PCR As described above, we generated several Neq DNA polymerase mutants with substitutions in the amino acids Y515 Fig. 6 . Real-time PCR analysis of the formation of 276 bp amplicon of the b-actin gene using detection by SYBR green. Real-time PCR was carried out using Neq A523R DNA polymerase (solid line) and Taq DNA polymerase (dashed line). (A) and (D) indicate amplification curves, (B) and (E) melting curves and (C) and (F) endpoint analysis. Experiments were done using dNTPs (A, B, C), or with dUTP substituted for dTTP (D, E, F) . In the amplification plots, y-axis shows the fluorescence dependent on the PCR cycle number on the x-axis, and threshold line is expressed.
Enhanced processivity of engineered Neq DNA polymerase or A523. Polymerase activity and PCR efficiency assays were used for screening mutant proteins, and the Neq A523R DNA polymerase was selected for further studies. Neq A523R DNA polymerase exhibits significant enhancement of processivity, and the extension rate and no changes in fidelity (data not shown). To determine whether the enhanced processivity of Neq DNA polymerase can increase PCR performance, Neq A523R DNA polymerase was tested, and a clear advantage over wild type was observed with increased PCR amplification yields and shorter extension times.
Neq DNA polymerase possesses a peculiar lack of uracilrecognition activity, in spite of being an archaeal family B DNA polymerase. This is a property which could be useful in clinical diagnostic PCR (Choi et al., 2008) . Incorporation of dUMP into fragments and subsequent heat-labile UDG (uracil-DNA glycosylase) treatment is frequently used to control carry-over contamination in PCR (Longo et al., 1990; Rys and Persing, 1993) . In the presence of dUTP, Neq A523R DNA polymerase outperformed Taq DNA polymerase with enhanced specificity and sensitivity. These properties are useful for fast detection of certain diseases and reducing false -positive results. Thus, use of Neq A523R DNA polymerase ensures high performance quantitative realtime PCR without the risk of carry-over contamination from using UDG. A hot-start PCR strategy may also further enhance the specificity of detection of Neq A523R DNA polymerase.
